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Summary
Eukaryotic cells employ a suite of replication and mitotic
checkpoints to ensure the accurate transmission of their
DNA. In budding yeast, both the DNA damage checkpoint
and the spindle assembly checkpoint (SAC) block cells prior
to anaphase [1–5]. The presence of a single unrepaired
double-strand break (DSB) activates ATR and ATM protein
kinase homologs Mec1 and Tel1, which then activate down-
streameffectors to trigger G2/M arrestand alsophosphorylate
histone H2A (creating g-H2AX) in chromatin surrounding the
DSB [6–8]. The SAC monitors proper attachment of spindle
microtubules to the kinetochore formed at each centromere
and the biorientation of sister centromeres toward opposite
spindle pole bodies. Although these two checkpoints sense
quite different perturbations, recent evidence has demon-
strated both synergistic interactions and cross-talk between
them [9–11]. Here we report that Mad2 and other SAC proteins
play an unexpected role in prolonging G2/M arrest after induc-
tion of a single DSB. This function of the SAC depends not
only on Mec1 and other components of the DNA damage
checkpoint but also on the presence of the centromere
locatedR90 kb from the DNA damage. DNA damage induces
epigenetic changes at the centromere, including the g-H2AX
modification, that appear to alter kinetochore function, thus
triggering the canonical SAC. Thus, a single DSB triggers
a response by both checkpoints to prevent the segregation
of a damaged chromosome.
Results and Discussion
Mad2 Prolongs Arrest before Adaptation
after DNA Damage
Cells with an unrepaired double-strand break (DSB) exit check-
point arrest and resume cell-cycle progression either after re-
pairing the damage (recovery) or even when damage persists
(adaptation) (reviewed in [2]). We induced a single DSB at the
MAT locus on chromosome 3 (Chr3) in a strain deleted for the
homologous donor loci, so that the DSB cannot be repaired by
homologous recombination [6, 12]. In this assay, >99% of cells
remain arrested for about 15 hr; this is equivalent to about six
doubling times of isogenic cells lacking the HO endonuclease
cut site (Figure 1). Very similar arrest and adaptation is seen
when a single DSB is induced on the left arm of Chr6 instead
of at MAT [13]. In both cases the DSB is about 90–100 kb from
its centromere. Cell-cycle arrest is completely eliminated in cells*Correspondence: haber@brandeis.edu
2Present Address: Immune Disease Institute, Harvard Medical School,
Boston, MA 02115, USAlacking Mec1, but there is still a substantial delay in cells lacking
Rad53 or Chk1 [13, 14]. A slightly shorter, though statistically
significantly different, arrest response is seen with a DSB on
Chr11, 294 kb from its centromere (Figure 1B).
Unexpectedly, deletion of MAD2 markedly shortens the time
that cells with a DSB remain arrested (Figure 1). mad2D strains
suffering a DSB on Chr3 or on Chr11 arrest only for about
10 hr, 2/3 as long as inMAD2 cells. The spindle assembly check-
point (SAC) mutantsmad1D andmad3D had comparable effects
thoughbub1Dandbub3Ddidnot (datanot shown). These results
suggest that arrest of cells at G2/M may consist of two stages,
the first enforced by Mec1, Rad53, and, to a lesser extent,
Chk1 and the second regulated by Mad1, Mad2, and Mad3.
Epistasis analysis suggests that Mad2’s role may be
executed through a Rad53-dependent pathway. The long
residual cell-cycle delay in chk1D cells is partially suppressed
by deletion of any of the five mad and bub mutants tested—
even bub1D and bub3D, which did not affect arrest as single
mutants (see Figure S1, available online). Arrest in mad2D
chk1D is markedly reduced, but only to the length seen in
rad53D cells. In contrast, deleting the SAC genes did not
further shorten the arrest in rad53D (Figure 1A and Figure S1).
These results suggest that Mad and Bub proteins act to
prolong constraints on cell-cycle progression that are
imposed by Rad53. Deleting Mad or Bub genes in rad53D
chk1D or in rad9D does not further shorten the small, but
statistically significant residual delay compared to mec1D
(data not shown). Thus, Mad and Bub proteins play a signifi-
cant role in prolonging G2/M arrest and may define one
pathway by which Rad53 halts the cell cycle.
MAD2 Is Required for the Permanent Arrest
of Most Adaptation-Defective Mutations
Several classes of mutants block checkpoint adaptation
including: (1) those with increased DNA end processing, (2)
those with defects in aspects of homologous recombination,
and (3) those unable to turn off the checkpoint signaling
pathway. As seen in Figure 2, mad2D at least partially
suppresses the permanent arrest of all adaptation-defective
mutants tested except yku80D, but even the mad2D-sup-
pressed mutants still arrest for at least 10 hr. Thus Mad2 and
presumably other SAC proteins play a central role in maintain-
ing the permanent arrest of cells initially arrested by the DNA
damage checkpoint. The consequence of deleting Mad2 is
not as great as deleting Rad9, which eliminates nearly all
DSB-mediated arrest of these mutants (data not shown).
Deletion of Mad2 also shortens the delay of a DSB on Chr11,
located 294 kb from its centromere (Figure 1B). It is noteworthy
that, when Mad2 is present, cell-cycle delay with a DSB on
Chr11 is significantly less (p < 0.005) than that seen on either
Chr3 or Chr6, where the DSB is 90–100 kb from the centro-
mere. Thus the distance of the DSB to the centromere may
play a role in maintaining the DNA damage response.
Deletion of the Centromere Mimics mad2D
in Shortening Checkpoint Arrest
We tested whether centromere-derived signals can explain the
role of Mad2 in the DSB response. A key question is whether
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Figure 1. mad2D Shortens Checkpoint-Mediated Cell-Cycle Delay after
Induction of an Unrepaired DSB
(A) Induction of an irreparable DSB causes a delay in the cell cycle equiva-
lent to six doubling times in wild-type cells, which is fully eliminated by
mec1D. mad2D reduces arrest in chk1D and is epistatic to rad53D.
(B) Response to a DSB in Chr6 is similar to that on Chr3, whereas a break on
Chr11, where the DSB is 200 kb farther from its centromere, provokes a
significantly shorter Mad2-dependent arrest.
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Figure 3. Deleting the CEN3 Locus Decreases Cell-Cycle Delay Caused by
the DSB at MAT
(A) An HO cut site was inserted to the left of CEN3. A 2 kb fragment from the
left of the HO cut site was inserted to the right of CEN3. Gal-HO induction
creates DSBs at MAT and near CEN3. CEN3 is deleted as the nearby DSB
is repaired by SSA between flanking homologous DNA segments.
(B) CEN3 is deleted within 3 hr of HO induction, as seen in a Southern blot
probed with the sequences (black) flanking CEN3. P denotes PvuI.
Mad2 Prolongs DNA Damage Checkpoint Arrest
329Mad2’s role reflects an alteration to the kinetochore in cis with
the DSB. We have previously shown that 50 to 30 resection of
the DSB continues for at least 24 hr at a rate of w4 kb/hr
[15]; but the 90 kb distance of the DSB from CEN3 is too far
to be degraded within 10 hr, the time at which Mad2 is required
to maintain G2/M arrest. However, the effect on the centro-
mere could reflect a change in the topological constraint of
the now-broken chromosome or it could be caused by aWT cdc5-ad tid1rad51ptc2
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Figure 2. Deletion of MAD2 Suppresses the Permanent Arrest Phenotype
of Most Adaptation-Defective Mutations
Unbudded (G1) cells were plated on YEP-Galactose and monitored at 24 hr.
(C) Deleting CEN3 shortens the DNA DSB-dependent cell-cycle arrest in
wild-type cells but not in mad2D cells. An equivalent SSA event occurring
at the URA3 locus does not affect cell-cycle arrest. Deleting CEN3 does
not affect arrest when the DSB is made on another chromosome. Deleting
CEN3 shortens the checkpoint in a chk1D strain, albeit not as much as
deleting MAD2.long-distance chromatin modification such as g-H2AX extend-
ing from the DSB [8, 16]. To determine whether the role of
Mad2 depends on the presence of the centromere, we devised
a way to delete CEN3 at the same time that HO is induced to
create a DSB at MAT. As shown in Figure 3, we simultaneously
induced an irreparable DSB at MAT and another DSB at a site
less than 1 kb from CEN3. The DSB at CEN3 is flanked by 2 kb
identical DNA sequences, so 50 to 30 resection and repair of
the DSB by single-strand annealing (SSA) lead to a complete
deletion of CEN3. Galactose-mediated induction of HO endo-
nuclease cleavage is essentially 100% efficient, as shown in
the Southern blot in Figure 3B. By 3 hr, nearly all cells have
deleted CEN3.
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Figure 4. g-H2AX Modification Influences the Persis-
tence of the DNA Damage Checkpoint in a Mad2-Depen-
dent Fashion
(A) Mutating H2A-S129 shortens G2/M delay caused by
a DSB at MAT.
(B) Spread of g-H2AX leftward toward CEN3 from a DSB
at MAT. ChIP with an anti-g-H2AX antibody shows the
spreading of g-H2AX down the chromosome and its
progressive loss from regions near the DSB. Peak accu-
mulation at CEN3 of 10-fold was seen at 6 hr prior to the
time cells adapt in mad2D.
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on the time it takes for cells to progress into the next cell cycle
and bud a second time (Figure 3). This is consistent with
previous results that repairing a short-lived DSB by SSA
does not delay cell-cycle progression [17]. When there is a
DSB at MAT, deleting CEN3 shortens the length of arrest
caused by the remaining DSB at MAT, though not as
profoundly as mad2D. Importantly, the mad2D CEN3 double
deletion was indistinguishable from mad2D alone. Moreover,
deleting CEN3 also significantly reduced the delay in a chk1D
strain, as did mad2D. These data argue that deleting the
centromere proximal to the DSB eliminates much of the
Mad2-dependent response to the presence of a DSB.
If Mad2 responds to alterations at the kinetochore of the
chromosome that suffered the DSB, then we would expect
there to be no effect if we were to deleteCEN3 in a strain where
the DSB is induced on Chr6. Indeed this is the case (Figure 3).
This experiment provides clear evidence that a significant
portion of DSB-induced G2/M arrest is attributable to an alter-
ation at the kinetochore of the broken chromosome, rather
than by an indirect effect by increasing the pool of Cdc20
that could promote mitosis.
We note that there is a greater effect of deleting MAD2 than
of deleting the CEN3. This difference in suppressing check-
point-mediated arrest by deleting CEN3 versus mad2D could
be explained by the fact that CEN3 deletion strain did—for a
time—have two DSBs. Two unrepaired DSBs provoke perma-
nent arrest, so that the checkpoint signal might have been
initially stronger and possibly more difficult to turn off [12].
We therefore constructed a strain with an unrepairable DSB
at MAT and a second DSB at the URA3 locus on Chr5, where
it could be repaired by a comparable SSA event that did not
involve centromere deletion [18]. There was no alteration inthe time it took for adaptation to occur, and
the SSA event by itself did not cause any visible
arrest (Figure 3).
Eliminating g-H2AX Shortens
the Checkpoint Delay
Shortly after a DSB is created, nearby histone
H2A is phosphorylated (yielding g-H2AX); this
modification spreads prominently 40–50 kb
on either side of the DSB with the strongest
accumulation within w20 kb of the DSB [16,
19]. As resection proceeds g-H2AX is locally
displaced from chromatin, but additional
g-H2AX is modified by Mec1 kinase ahead of
the resection [16]. To determine whether
g-H2AX modification affects the persistence
of adaptation, we analyzed an isogenic strain
in which the two copies of the H2A geneencode the non-phosphorylatable S129A allele. As seen in
Figure 4A, eliminating g-H2AX shortens the length of arrest
about as much as does mad2D. Importantly, the double
mutant lacking both MAD2 and the phosphorylation site on
H2A [hta1-S129A hta2-S129A] is no more defective than either
defect alone. Cells carrying H2A-S129A also suppress adapta-
tion-defective mutations, including tid1D, yku70D, and ckb2D
(data not shown). The H2A-S129A mutation markedly shortens
the arrest seen in a chk1D mutant but, unlike mad2D, also
reduces the duration of arrest in rad53D (Figure 4). Just as
Rad53 is likely to affect cell-cycle arrest by several pathways,
not all of which involve Mad2 [20], g-H2AX may affect path-
ways other than those controlled by Rad53 (see below).
To establish more directly that g-H2AX modification could
alter centromere function, we asked whether g-H2AX modifi-
cation does in fact reach the centromere after resection has
proceeded for many hours. Using an antibody specific for
the g-H2AX modification, we monitored sites around CEN3
as well as nearer to the DSB at MAT. As shown in Figure 4B,
there is a 3- to 10-fold increase in g-H2AX modification
surrounding CEN3 after 6 hr.
These data suggest that the Mad and Bub proteins, acting in
their normal role as monitors of spindle function and centro-
mere integrity, can sense a DSB createdR90 kb away. Conse-
quently, the G2/M arrest triggered by a single DSB that first
activates the DNA damage checkpoint is significantly pro-
longed. Either contemporaneous deletion of the adjacent
centromere or elimination of g-H2AX formation largely, but
not completely, abrogates the Mad2-dependent phase of
cell-cycle arrest. We conclude that the major way in which
Mad2 responds to the DSB likely involves an epigenetic modi-
fication of the centromere in cis to the DSB. Centromere func-
tion depends not only on the core nucleosome containing
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possible that the accumulation of g-H2AX on the chromosome
could cause a rearrangement of the normally high level of
cohesin binding around the centromere, as g-H2AX enables
damage-dependent recruitment of cohesins, which may
include sliding from the centromeric region [19, 22]. An alterna-
tive model could be that the absence of Mad2 generally
increases Cdc20 activity [23] that in turn could promote APC-
mediated degradation of Pds1 and thus promote mitosis.
However, this idea is hard to rationalize with the specific effect
of completely deleting one centromere, which should in fact not
perturb Mad2 monitoring of centromeres. However, release of
Cdc20 could account for the larger effect of mad2D compared
to centromere deletion (Figure 1). We note that in a mec1D
strain there is still Tel1-dependent g-H2AX around the DSB
site, but it fails to spread down the chromosome as resection
proceeds because this requires Mec1 [16]; consequently the
centromere region will not be modified and there is no Mad2-
dependent delay of progression in a mec1D mutant.
Previous studies have also suggested that g-H2AX plays an
important role in Rad9-mediated steps in the DNA damage
checkpoint response. Rad9 contains both BRCT domains
that interact with g-H2AX and a Tudor domain that binds to
methylated histone H3-K79 [24, 25]. It is therefore possible
that removing phosphorylation of histone H2A would produce
a partial rad9 phenotype. This additional role can explain the
shorter duration of arrest in H2A-S129A rad53D compared to
rad53D. However, the fact that a mad2D H2A-S129A double
mutant is not different from mad2D argues that the primary
effect of eliminating g-H2AX is acting through the Mad2
pathway.
To examine how partially limiting Rad9 response might
affect DSB-induced arrest, we deleted the Dot1 methyltrans-
ferase that methylates H3-K79; this dot1D deletion has a
more profound effect on DSB-induced arrest than H2A-
S129A (Figure S2). Interestingly, a dot1D H2A-S129A double
mutant shows significantly (p < 0.05) longer cell-cycle delay
than a rad9D mutation (Figure S2). This observation suggests
there could be yet another histone modification to which
Rad9 responds (we note that in Crb2 of S. pombe and in
53BP1 of mammals the methylated residue bound by the
Tudor domain is H4-K20); moreover it appears that Rad9
may directly recognize single-stranded DNA [26].
To summarize, a persistent DSB establishes a spreading
zone of ‘‘chromosomal inflammation,’’ here marked by
g-H2AX. If this region is sufficiently close to a centromere the
altered chromatin conformation can apparently trigger kineto-
chore dysfunction that is recognized by Mad2 and other
components of the SAC. The SAC acts semi-redundantly
with the DNA damage checkpoint to enforce long-term cell-
cycle arrest in the presence of chromosomal DSBs and
thereby prevents the segregation of damaged chromosomes.
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